Building on the improvements in high-resolution lithography for silicon, one can create artificial dielectrics, periodic structures in silicon photonics with periods substantially smaller than a wavelength of light in the material. This paper discusses the theory and applications of these subwavelength structures. 
I. S U B W A V E L E N G T H S T R U C T U R E S I N S I L I C O N W A V E G U I D E S
All-dielectric metamaterials, understood as artificial subwavelength structured materials with optical properties controlled by design, have been the object of intense research for more than a decade [1] - [4] . Among these metamaterials, subwavelength gratings (SWGs) have become an important tool to develop practical, high performance integrated silicon photonics devices, including low-loss fiber-to-chip couplers, highly selective filters, and ultra-broadband waveguide couplers, to name a few. Here, we briefly discuss the fundamentals of this rapidly progressing field and provide an overview of recent applications; for additional details on the theoretical framework and the historic evolution of SWGs in silicon waveguides see [4] .
An SWG metamaterial waveguide is a slab structured at a scale smaller than the wavelength of light propagating through it, thereby suppressing diffraction effects, and acting as a homogeneous slab waveguide made of an equivalent birefringent material. Fig. 1(a) shows a canonical structure in silicon-on-insulator (SOI), comprising alternating strips of silicon (waveguide core) and the cladding material, as first demonstrated in a silicon wire waveguide by Bock et al. [5] . The geometry of the fully etched structure provides lithographic control over the equivalent refractive index, dispersion and material birefringence.
The deep subwavelength regime (Λ ≤ 100 nm for λ ∼ 1.55 μm) is particularly suitable to gain a conceptual understanding of these structures. In this regime, the refractive indexes of the equivalent material for polarization parallel (n ) and perpendicular (n ⊥ ) to the silicon segments can be approximated by Rytov's formulas [6] 
where f = L/ is the duty cycle of the grating structure and n Si , n clad are the refractive indexes of the silicon core and the cladding material, respectively. By varying the duty cycle of the structure, equivalent indexes between those of the silicon core and the cladding material can be engineered, and modal confinement can be controlled. In the deep subwavelength regime, the metamaterial structure does not contribute to dispersion, i.e., the wavelength dependence of the equivalent refractive indexes is determined by the dispersion of the constituent materials. The material birefringence effect becomes relevant when considering light propagating through the SWG structure with its electric field in the plane of the chip [see Fig. 1(a) ].
When the propagation is along the v axis (electric field parallel to the silicon segments), light experiences a homogeneous slab with refractive index n , whereas for the propagation along the u axis (electric field perpendicular to the silicon segments), light experiences a homogeneous slab with a smaller refractive index n ⊥ . In analogy to a uniaxial crystal, the equivalent homogenous material can then be described by the refractive index tensor n = diag[n , n , n ⊥ ] [7] . However, fabricating devices in the deep subwavelength regime is not practical at telecom wavelengths, because even with a 50% duty cycle the required feature sizes of the order of 50 nm are at the limit of e-beam lithography. For larger, and therefore more practical periods (of the order of ∼ 300 nm for λ ∼ 1.55 μm), Rytov's formulas provide an approximate estimate of the equivalent indexes but can no longer be considered accurate. A rigorous description of the structure then requires modal analysis. Propagation along the v axis is described in terms of Bloch-Floquet modes [8] ; see Fig. 1(b) . When the grating period equals one-half of the effective wavelength in the waveguide, the structure exhibits Bragg resonance, or, equivalently, a band-gap, and can thus no longer be described as an equivalent homogenous material. However, for periods just below the Bragg threshold, the structure behaves as a metamaterial with controllable dispersion. Propagation along the u axis can be described with waveguide array modes, see Fig. 1(c) . Due to the strong field discontinuities at the segment interfaces, the structure is generally dispersive.
A variety of numerical solvers has been developed for these structures (see, for instance [9] and [10] ), and both free and commercial solutions are available, including MIT's Photonic-Bands, Rsoft's BandSolve and Photon Design's CrystalWave.
II. A D V A N C E S I N S W G F U N D A M E N TA L S
This section is dedicated to some of the fundamental aspects, design advantages and limitations that arise when designing and fabricating waveguide devices with SWG structures. Specifically, we discuss the use of SWG intrinsic anisotropy, the potential for reducing waveguide backscatter, the control of substrate leakage, and the influence of fabrication jitter.
A. Exploiting SWG Anisotropy
In an isotropic medium, the components of the wavevector are related by the expression k 2 u + k 2 v = (nk 0 ) 2 , where k 0 = 2π/λ. In an SWG, understood as a uniaxial crystal, the dispersion relation becomes [7] :
The use of such an anisotropic material as waveguide cladding was proposed to enhance modal confinement in silicon waveguides, see Fig. 2 (a) [11] . When a wave polarized within the waveguide plane and with wavevector k is incident from the isotropic waveguide core onto the anisotropic cladding, the tangential component k u = n 1 k 0 sin(θ ), is conserved. From (2) it follows that for angles θ ≥ asin(n ⊥ /n 1 ) the wave is evanescent in the cladding (k 2 v ≤ 0), i.e., it undergoes total internal reflection. The decay rate in the cladding, given by the magnitude of k v , can be controlled through n . This effect was recently demonstrated using SWG cladding to reduce cross-talk and bending losses in silicon waveguides [12] , [13] . For the wave to penetrate the SWG cladding, small gaps of ∼50 nm are required at telecom wavelengths.
On the other hand, the use of an SWG as an anisotropic waveguide core provides unique control over the modal propagation constants [14] . Referring to the central SWG waveguide in Fig. 2(b) , for the m-th propagating mode, ϕ m (u), the transverse wavevector is k u ≈ mπ/W , where W is the waveguide width. From (2) the propagation constant k v can be found for this mode, that depends on both n and n ⊥ . This effect can be used to engineer the beat length of the first and second mode, enabling multimode interference couplers with unprecedented bandwidths. The 2 × 2 MMI coupler in Fig. 2(b) was experimentally shown to cover the 1.4-1.7 μm band, and bandwidths of more than 500 nm are feasible according to simulations [14] . The minimum feature size is 95 nm for this device. While such dimensions are readily achieved with e-beam lithography and some deep-uv processes [15] completely filling the gaps between the silicon segments with the SiO 2 upper cladding can be challenging. Albeit the small remaining air pockets would not fundamentally change the behavior of the device, they will slightly alter the equivalent refractive index of the subwavelength structure [14] , which may need to be included in the simulations.
B. Reducing Backscatter
The modal confinement of an SWG waveguide can be engineered by controlling the duty cycle ( f ) of the segmented core. Fig. 3(a)-(c) shows the field distribution of the fundamental mode of a typical single-mode SWG waveguide (400 nm × 220 nm) with pitch = 200 nm and duty cycles f = 30%, 50% and 70%, respectively. By lowering the duty cycle, the equivalent index of the core decreases [see (1) ] and the mode is delocalized from the waveguide core [ Fig. 3(a) ], thereby reducing the interaction with the silicon and its high-index contrast interfaces. IBM researchers have shown that this reduced interaction results in a substantially lower level of backscattering from an SWG waveguide compared to a conventional silicon wire waveguide [16] . The delocalization of the mode is also important for sensing applications (Section III-B) and high efficiency fiber-to-chip couplers (Section III-D).
C. Mitigating Substrate Leakage Loss
Although SWG waveguides are theoretically lossless, their reduced modal confinement, combined with the finite thickness of the buried SiO 2 (BOX) layer [see Fig. 1(a) ], may lead to substrate leakage losses. Whereas conventional Si-wires with typical BOX thicknesses t BOX ∼2−3 μm exhibit negligible leakage, SWG waveguides with an expanded mode size may have significant losses for the same BOX thicknesses. This fact must be considered at the design stage to mitigate the effects of power leakage in SWG structures. For example, in [16] the modes are weakly confined to the point that the Si handle wafer needs to be undercut to prevent leakage. In [17] , the authors demonstrated that there is an exponential relation between the Bloch-Floquet mode effective index and leakage losses in SWG waveguides. This relation does not depend of the specific waveguide geometry, but only on the BOX thickness and the mode effective index (the latter determines the modal confinement). As a rule of thumb, for a BOX thickness t BOX = 2 μm (3 μm) and upper silica cladding, designers should avoid the use of SWG waveguides with a mode effective index below 1.65 (1.55).
D. Controlling Jitter Effects
SWG structures are sensitive to fabrication jitter, i.e., small random errors in the placement of the individual silicon segments. It has been recently shown [18] that a jitter as small as 5 nm in the longitudinal position or size of the Si segments of a comparatively wide (multimode) SWG waveguide may cause a significant reduction in the transmittance (∼3 dB loss penalty per 100 μm), degrading the device performance. On the other hand, the effect is practically negligible for narrow (single-mode) SWG waveguides. This dependence with the waveguide width shows that the impact of jitter is directly related to the modal confinement. Indeed, the interaction of the light with the perturbation (i.e. the jitter in the longitudinal Sicladding interfaces) increases with the waveguide width [ Fig. 3(b) and (d) ]. The uncontrolled jitter of the fabrication process should be below 5 nm when working with wider (multimode) SWG waveguides.
III. A P P L I C AT I O N S O F S U B W A V E L E N G T H S T R U C T U R E S I N S I L I C O N P H O T O N I C S
This section provides a review of the state of the art in the application of subwavelength structures to integrated silicon photonic devices. We give insight into the device operation and compare the performance of different solutions. The structures and applications include: waveguide couplers (Section III-A), evanescent field sensors (Section III-B), on-chip polarization management (Section III-C), fiber-to-chip couplers (Section III-D), spectral filters (Section III-E) and devices for the mid-infrared (Section III-F). A brief overview of other emerging applications is given in Section III-G.
A. Waveguide Couplers
Waveguide couplers for splitting and combining different streams of light are fundamental building blocks in planar waveguide circuits. In this section, we compare different SWG waveguide coupler designs and compare their experimental performance (see Table 1 ).
Directional couplers (DC) have been widely used to implement waveguide couplers with arbitrary splitting ratios. Referring to Fig. 4(a) , when light is launched into one of the access waveguides, the even and odd supermodes ϕ 1 (u), ϕ 2 (u) of the central region are equally excited. As these modes propagate along the structure, they accumulate a phase shift and after a propagation distance equal to half the beat-length L π = π /(k v1 − k v2 ), 50/50 power splitting is achieved. The beat-length is, however, wavelength dependent, which limits the operational bandwidth of the DC devices. In [19] the use of an SWG structure superimposed on the conventional directional coupler was proposed to engineer the dispersion of the supermodes and flatten the wavelength dependence of the beat-length, thereby extending the bandwidth of the DCs. In [20] Multimode interference couplers are intrinsically broadband devices [21] , with their performance essentially governed by the beat length of the two lowest order modes in the multimode region [see Fig. 2(b) ]. As discussed in Section II-A, engineering of the anisotropy of the multimode region through SWG structures enables extreme broadband operation, with bandwidths in excess of 300 nm at telecommunication wavelengths [14] .
Broadband operation can also be achieved with adiabatic couplers, where the input mode is smoothly converted to the even supermode of two coupled waveguides. While conventional designs require coupling lengths of the order of hundreds of micrometers [22] , an SWG-based device as short as 50 μm has been demonstrated [23] , with a remarkable performance over a 130-nm bandwidth.
The most compact devices, with footprints of the order of 10 μm 2 have been achieved using "inverse design" approaches, with the local refractive index profile optimized in both the longitudinal and transversal direction to achieve a specific functionality [24] , [25] . However, these devices still have a limited performance and smaller bandwidth compared to other solutions.
B. Evanescent Field Sensors
Integrated photonic sensors are typically based on the evanescent field principle. The evanescent tail of a propagating mode interacts with its surroundings to "sense" changes in the superstrate material. This produces a change in the effective index of the propagating mode, which is then transformed into a readily measurable magnitude, e.g., a power variation (in a Mach-Zehnder interferometer) or a resonance wavelength shift [in a ring resonator; see Fig. 5(a) ]. Sensing can be based on the change in the effective index produced by a variation in the refractive index of the surrounding material (bulk sensing), or by an increase in the thickness of the adsorbed molecular layer (surface sensing), as schematically shown in Fig. 5(b) . The latter, which is typically used for biosensors, requires prior functionalization of the top and sidewall surfaces of the waveguide with selective bioreceptors.
To characterize the performance of the sensors, two figures of merit are typically employed, the sensitivity (S) and the limit of detection (LoD). In ring resonator-based architectures they are respectively defined as: S bulk = λ resonance / n cladding ; S surface = λ resonance / ρ adsorbed and LoD = λ min,detectable /S.
In order to develop sensors with high sensitivities, waveguides that provide a large overlap of the mode field with the analyte are required. This principle was first realized and used for Si-wire waveguides in [26] . The potential of SWGs as sensing waveguides was first studied in [27] . The authors showed that a sensitivity enhancement can be achieved through the combined delocalization of the mode profile and the additional interaction of analyte with the mode field in the SWG gaps, where a strong longitudinal component of electric field is observed [ Fig. 5(a) , inset]. Simulation results showed that SWG waveguides operating in TE polarization achieve a six-fold and two-fold sensitivity enhancement compared to TE-and TM-mode sensitivities, respectively, for conventional Si-wire waveguide sensors. It was also shown that the sensitivity does not substantially vary for different silicon waveguide thicknesses.
Since then, several other groups have made important contributions to experimentally demonstrate SWG-based biosensors. In [28] SWG waveguides were used in a ring resonator sensor. The bulk sensitivity of SWG-based rings was estimated as S bulk = 383 nm/RIU (in water). Flueckiger et al. reported resonance shifts produced using both salt solutions and bio-molecular binding, obtaining S bulk = 490 nm/RIU (LoD of 2 · 10 −6 RIU) and S surface = 0.8 nm/nm [29] , confirming the enhancement factors anticipated in [27] . In [30] a detailed study was carried out to experimentally demonstrate that the surface sensitivity remains constant as the silicon layer thickness increases, which is a unique characteristics of SWG sensing waveguides, predicted theoretically in [27] . The experimental measurements also confirmed the anticipated sensitivity advantage for the SWG-based ring resonator biosensors: 440 nm/RIU and 1 nm/nm for bulk and surface sensing, respectively.
In [31] , the authors explore the possibility of using the TM mode in SWG-based racetrack resonators, with some improvements compared to the TE mode. In [32] a sensing architecture is proposed to detect changes both in the real and the imaginary part of the refractive index of the surrounding medium. The SWG bus waveguide of the ring resonator is designed to work as a partially reflecting element at its two ending ports. When such waveguide couples with a cavity, like the ring resonator, a Fabry-Pérot effect is observed and a sharp asymmetric Fano resonance is obtained in the output spectrum. Measuring both the resonant wavelength shift and the reduction in the slope of Fano resonance, the real and imaginary parts of refractive index are determined.
C. Polarization Management
Polarization control is becoming increasingly important in silicon photonics circuits for telecom and datacom applications. On-chip polarization control has been pursued for many years and is still an active field of research, as many of the designs that can be found in the literature exhibit low fabrication tolerances. The design of high performance polarization management devices is challenging because tight constraints must be simultaneously fulfilled for both polarizations, by tuning a rather limited set of parameters. Introducing SWG structures provides the designer with an additional degree of freedom, allowing a more flexible manipulation of birefringence and dispersion. This in turn helps relax design tradeoffs and often results in improved performance and reduced device size. Typical building blocks for polarization control include polarization beam splitters (PBS), polarization rotators (PR), and polarization filters (PF) (polarizers). For the standard silicon thickness of 220 nm, the TM mode is less strongly guided than TE, so it is more convenient to make use of a PBS that not only separates both polarizations, but also rotates the polarization state from TM to TE. Such a device is commonly referred to as a polarization beam splitter and rotator (PSR). Recently, several SWG-based designs for onchip polarization management have been reported; their performances are summarized in Table 2 .
One particularly promising polarization management device based on SWGs is a PSR proposed by Xiong et al. [33] . Fig. 6(a) illustrates the operation principle of the device: while the input TE mode remains in the homogenous (through) waveguide, the input TM mode is phase matched to the fundamental TE mode of the SWG waveguide and couples to the cross output. The cross-coupling between the two polarizations is facilitated by two hybrid supermodes supported in the coupling region; the asymmetries of the vertical and horizontal components of their electric fields are created not only by the geometry of the directional coupler, but also by the vertical asymmetry arising from different refractive indexes of the upper and bottom cladding media [34] , [35] . The device builds upon a previously proposed asymmetric directional coupler [34] , but improving its performance by using SWG engineering, specifically to increase the tolerance to waveguide width errors by a factor of 10. Fabrication and characterization of this type of PSR was carried out in [36] and [37] . In [36] the device was optimized with some improvements in bandwidth and size, and measurements showed only a slight deterioration of expected insertion losses (IL). It was also shown that if fabrication deviations affect not only the transverse dimensions (waveguide width and the gap) but also the length of silicon blocks and consequently the SWG duty cycle, this PBS would be less fabrication tolerant, but still twice as tolerant as a conventional device. In [37] an additional TM filter was included at the TE output port to increase the PSR extinction ratio (ER). Fig. 6(b) shows an SEM picture of the fabricated device.
SWGs have also been used in [38] and [39] to improve the performance of polarization beam splitters. In [38] the authors reported an SWG assisted directional coupler in a nonstandard 340-nm SOI platform, using the concept of the colorless directional coupler in [19] in which the SWG medium is engineered to match the beat-lengths for TE and TM polarizations (L π,TM = 2L π,TE ). In [39] a very compact PBS based on mode evolution was presented, with promising simulation results. In a further refinement [40] , the same authors proposed a compact PSR based on a similar approach. The device is remarkable as it combines the splitting and rotation functionality in a compact design with a very good optical performance. However, its practical implementation is more complicated because it relies on a nonstandard 410-nm silicon thickness, requires two etch steps (full 410-and 160-nm etch depths), and output ports require waveguides of different thickness. Other SWG engineered PBS and PR have been reported, [41] , [42] , based on horizontal slot waveguides and cross slot waveguides.
Finally, SWGs have also been explored to improve the performance of polarizers. In [43] the authors use SWG engineering to make a nonreflective polarizer: the waveguide width and effective index are simultaneously designed to adjust the TM mode cutoff condition of the waveguide without perturbing the TE mode. The TM mode is leaked to the substrate, with a high extinction ratio (ER). Furthermore, an SWG-based TM-pass polarization filter was used in [44] to increase the ER of a bent DC-based PBS.
Subwavelength structures have also been successfully used to design polarization management devices in SOI by means of optimization algorithms. In [45] a 2.4 × 2.4 μm 2 footprint PBS was designed by means of a nonlinear optimization algorithm in a single etch step 300 nm SOI platform, experimentally achieving ER >10 dB in a moderate 32 nm bandwidth. More recently, the same group [46] reported a PR based on the same approach, with some experimental results. An improved performance was achieved in [47] for a metamaterial PR designed by a genetic algorithm. The device fabricated in a two etch step 220 nm SOI exhibited an ER >10 dB and 140 nm bandwidth.
D. Low-Loss Fiber-to-Chip Couplers
Practical deployment of nanophotonic technologies requires the availability of efficient input/output optical interfaces. Coupling of light to or from planar waveguide circuits has been recognized as a major practical challenge since the early years of integrated optics. Two coupling solutions are typically used, surface grating couplers [4] , [48] - [71] and edge couplers [1] , [72] - [78] ; for a comprehensive review of this field see the paper by Vermeulen in this special issue. In the following we focus on the use of SWG structured metamaterials to enhance performance in fiber-chip coupling [1] , [49] - [56] , [59] - [63] , [65] - [67] , [69] - [77] .
1) Surface Grating Couplers:
Surface grating couplers (GCs) use a diffraction grating to resonantly couple the light between planar waveguides and optical fibers, see Fig. 7(a) . GCs are particularly interesting as they allow wafer-scale testing and relaxed alignment tolerances for fiber attachment. Recently, several implementations of GCs were reported [54] - [64] , with the grating directionality being the key parameter to reach high coupling efficiency. Benedikovic et al. showed that high-efficiency single-etch GCs can be realized for a given BOX thickness, by exploiting an interference effect [54] - [56] . By adjustment of the radiation angle, the light reflected at the BOX-substrate interface interferes constructively with the light diffracted upwards (towards the optical fiber), increasing coupler directionality. Coupling efficiency of −2.2 dB at 1.55 μm [54] , [55] and −2.5 dB at 1.31 μm wavelengths were demonstrated experimentally in a standard 220-nm SOI platform [56] . Furthermore, by using backside metallization, a record subdecibel efficiency of −0.69 dB was demonstrated for a single-etch step SWGengineered surface grating coupler (220-nm SOI) [55] . An alternative way to achieve high-efficiency GCs is to increase the intrinsic directionality of the grating. This can be realized by using the blazing effect [57] - [63] . The latter can be achieved with interleaved grating arrangements [57] - [60] or employing an L-shaped grating teeth geometry [62] , [63] . Blazed GCs typically have excellent directionality (>95%), independently on the BOX thickness, thereby favoring implementation on various photonic platforms [57] - [63] . An interleaved GC that includes a short SWG-index matching section to reduce reflectivity at the waveguide-grating junction was reported in [59] and [60] .
Experimentally, an efficiency of −1.3 dB was achieved at 1.55 μm in 220 nm SOI. Recently, Chen et al. employed a continuous SWG metamaterial apodization in an interleaved GC, predicting a subdecibel efficiency of −0.7 dB, with the measured coupling loss −1.9 dB near 1.31 μm [61] . The L-shaped GC with perfectly vertical light emission was demonstrated by Watanabe et al. [62] on 220 nm SOI platform, with a longitudinal pattern of SWG pillars to suppress reflectivity (∼1%, theory). The couplers were fabricated by e-beam lithography, with a measured efficiency of −2.6 dB. L-shaped GC fabricated by 193 nm deep-UV lithography using 300-nm-thick Si layer on 300-mm SOI wafers has been reported in [63] . A transversal SWG nanostructure was included as a short anti-reflection region at the interface between the access waveguide and the grating region. The tested devices have an efficiency of −2.7 dB, with eight-fold reduction of back-reflections, to ∼1%. Recently, Zhu et al. reported a GC design with high-index-contrast metastructure (HICM) [64] . Here, the resonant behavior of HICM was used to improve the coupling of out-of-plane waves into an in-plane waveguide, with an efficiency of −0.32 dB and a bandwidth of 48 nm. It was suggested that this concept can be useful for compact spectral multiplexers with high efficiency and broadband wavelength response [64] .
Conventional GCs for SOI waveguides typically exhibit a limited 1-dB bandwidth of 30-40 nm. This is a direct consequence of the wavelength dependence of the grating radiation angle [4] . Recently, several interesting wideband designs were proposed [65] - [68] . Zhong et al. showed a focusing GC with dispersion-engineered SWG structure, with an efficiency of −4.7 dB and a 1-dB bandwidth of ∼100 nm [65] . Wang et al. reported a single-etch SWGassisted 1-D grating, with a measured efficiency of −3.8 dB and flatband operation up to 90 nm [66] . Sánchez-Postigo et al. [67] proposed a promising device concept for highly efficient and ultra-broadband operation, using the zeroth diffraction order. The coupler operates fully in the SWG regime, with an index-engineered SWG waveguide core, which results in a dramatically broadened bandwidth. The SWG grating is assisted by a silicon prism. As a result, the coupling efficiency and the spectral bandwidth are optimized simultaneously. An apodized design yields an unprecedented efficiency-bandwidth product, with a coupling efficiency of −0.41 dB and a 1-dB bandwidth of 126 nm [67] . Passoni et al. [68] showed by theoretical analysis that optical fibers with smaller mode field diameters (MFDs) can be used for enlarging the spectral bandwidth of GCs towards 100 nm.
The GCs may also serve as polarization selective devices. The effective Bloch-Floquet mode index in the grating region exhibits a large birefringence, resulting in different coupling angles for TE and TM polarizations. This imposes restrictions for applications with incoming light of unknown polarization [4] . Zou et al. reported singleetch 2-D GCs with SWG cylinders [69] , with a measured efficiency of −6 dB. Further improvement was achieved by using five SWG-structured cylinders of carefully optimized separation, yielding a polarization dependent loss (PDL) as low as 0.25 dB within the C-band [70] . SWG structures can also be advantageously used for grating couplers for mid-IR wavelengths as described in Section III-F.
2) Edge Couplers: Fiber-chip edge couplers can provide high coupling efficiency (>90%) and are suitable for broadband applications. SWG metamaterial couplers, first demonstrated by Cheben et al. [1] , [73] , [74] , are becoming the state-of-the-art solution for silicon photonics fiber-chip edge coupling. In the SWG coupler concept [1] , [73] , the mode size is transformed to match the optical fiber mode by varying the duty cycle of the subwavelength grating formed in the metamaterial waveguide core, see Fig. 7(b) . Loss and wavelength resonances are suppressed due to subwavelength nature of the nanostructure, and the mode size is directly controlled by the volume fractions of the core (Si) and cladding (SiO 2 materials, which are defined in a single lithographic patterning step. An SWG metamaterial edge coupler with a coupling loss of −0.32 dB (92% efficiency) and negligible polarization dependence for the telecom wavelength band centered at 1.55 μm has been demonstrated [74] . Barwicz et al. at IBM showed a conceptually similar SWG metamaterial coupler, yet optimized to interface cleaved SMF-28 fibers, for the O-, S-, and C-communication bands [72] , [75] , [76] . To facilitate sufficient mode expansion beyond typically used SOI wafers with 2 μm or 3 μm BOX, local substrate removal was used near the chip facet. The undercut is filled with index-matching adhesive, resulting in negligible leakage penalty to the Si substrate. Devices were fabricated using 193 nm deep-UV optical lithography in a CMOS production facility, with efficiency in a range of −1.6 dB to −0.9 dB, low polarization dependence and wideband coupling performance. Alternatively, Papes et al. proposed an edge coupler concept with large mode size [77] that does not require local substrate removal. A few thin highindex Si 3 N 4 layers are imbedded in SiO 2 upper cladding to effectively pull the mode upwards, therefore reducing leakage through the buried oxide layer to the Si substrate. The Si 3 N 4 layers are gradually tapered out along the coupler by SWG refractive index engineering. The coupling efficiency of −0.42 dB was estimated for TE-polarization at 1.55 μm, with a bandwidth exceeding 100 nm. A similar concept was reported by Picard et al., using a high-index Si 3 N 4 multirod structure, for polarization-independent coupling with a high-numerical-aperture fiber [78] .
E. Spectral Filtering Devices
Spectral filtering is an important functionality in integrated optics, with different applications in the fields of optical communications, biosensing, microwave photonics and quantum optics, among others. Different filtering schemes have been implemented on the SOI platform, including microring resonators, Bragg gratings and grating-assisted contra-directional couplers. Subwavelength grating structures have been successfully used to improve filter performance such as quality factor and extinction ratio, or to ease the fabrication requirements.
Ring resonators based on SWG waveguides with trapezoidal silicon pillars have achieved high quality factors (Q) and compact footprints [79] (see also Section III-G). However, ring resonators have a limited free spectral range (FSR) and do not have flat-top response for a simple configuration. For these reasons, Bragg gratings and contradirectional couplers are often preferred. In SOI technology the high index contrast makes it difficult to obtain the weak grating coupling coefficients required for high-Q (narrow bandwidth) Bragg gratings. Different configurations of Bragg gratings filters based on SWG structures have been proposed to solve this problem. In [80] the authors demonstrated a Bragg grating comprising two interleaved segmented SWG waveguides with slightly different duty cycles, obtaining a measured 3 dB bandwidth of ∼0.5 nm and a rejection ratio of ∼12 dB. These results were subsequently improved using a similar approach, but based on two interleaved SWG corrugated waveguides with slightly different corrugations widths, instead of a fully segmented core with two different duty cycles [81] . Experimental results demonstrate a rejection bandwidth of ∼1.1 nm with an extinction ratio of more than 40 dB. Finally, numerical calculations reveal that integrated Bragg gratings with subnanometer rejection bandwidths can be designed using a conventional SWG waveguide loaded with lateral silicon segments [82] , as shown schematically in Fig. 8(a) . The simulated spectral reflectance for weakly coupled loading segments is shown in Fig. 8(b) . This device exhibits a very narrow rejection bandwidth of ∼50 pm. Minimum feature size is 100 nm, for compatibility with deep-UV optical lithography.
A drawback of Bragg filters is that, because they operate in reflection, they usually require the use of an offchip optical circulator or integration in a Mach-Zehnder interferometer [83] . Grating assisted contra-directional couplers have been proposed as an alternative to Bragg filters, especially for applications that require rejection bandwidths larger than 1 nm. Contra-DC filters are based on two strongly asymmetric coupled waveguides with a periodic perturbation that allows for the contra-directional coupling between the two waveguides. SWG waveguides are well suited for this purpose, because a directional coupler combing a conventional photonic-wire waveguide and a SWG waveguide exhibits the high level of asymmetry needed to prevent the undesired co-directional coupling (k PW k SWG ). Additionally, the SWG provides the periodic perturbation required to achieve contra-directional coupling (k PW + k SWG = 2π/ ) [84] . Experimental results show that controlling the gap distance between the waveguides, 3 dB bandwidths between ∼20 nm and ∼1 nm can be obtained. The characteristic sidelobes of the wavelength response can be suppressed by apodizing the gap between the waveguides [85] . With this approach, a high sidelobe suppression of ∼27 dB is achieved, at the cost of relatively high insertion losses (∼2.5 dB) and a rather small rejection ratio of the through port (∼5 dB). A detailed study of the compromise between sidelobe suppression and extinction ratio is provided in [86] , including practical considerations for the design of add/drop multiplexers based on SWG contra-directional filters. In the same work, the authors propose the introduction of a π phase shift in the middle of the SWG structure to achieve a narrow transmission peak (∼1 nm) within the stop-band of the device. This structure has a potential application in sensing, since the central wavelength of the resonance peak is sensitive to the cladding refractive index, with a simulated bulk sensitivity of 177 nm/RIU.
Filters that separate the 1.3-and 1.55-μm transmission windows, i.e., diplexers, have also been proposed based on SWG structures. In [87] a 2.8 × 2.8 μm 2 footprint diplexer designed with an optimization algorithm was demonstrated, with insertion losses of 2 dB and a crosstalk better than 11 dB over a 100-nm bandwidth. In [88] a diplexer based on a slotted multimode interference coupler [89] was proposed with a length of 43 μm and simulated insertion losses below 1 dB in a 120-nm bandwidth.
F. Devices for the Mid-Infrared
Silicon is transparent up to a wavelength of ∼8 μm, and it is therefore potentially useful for mid-infrared (mid-IR) applications; see the paper by Fedeli and Nicoletti in this special issue for a review on mid-IR silicon photonics. However, the silicon dioxide BOX layer [see Fig. 1(a) ] is lossy beyond λ ∼ 3.6 μm, which means that the SOI platform cannot be used in most of the mid-IR wavelength range. However, if the buried oxide layer is removed and a suspended Si waveguide formed, the complete transparency range of Si becomes accessible. Subwavelength gratings can be implemented for this purpose and they are particularly suitable for the mid-IR due to their larger feature sizes compared to the near-IR designs. In [90] a suspended mid-IR Si platform has been demonstrated by using SWGs as a lateral cladding and as access points for removal of the BOX layer by etching with hydrofluoric (HF) acid (Fig. 9) . The fabrication of these structures involves e-beam lithography, inductively coupled plasma dry etching of the silicon layer, and HF wet etching of the SiO 2 layer. The structure offers better mechanical stability and simpler fabrication compared to rib suspended Si waveguides as the slab is thicker and there is only one dry etch step.
The design of these structures involves a tradeoff between minimizing loss, achieving mechanical robustness, and fabricability of the structures. Minimizing losses requires increasing the waveguide core width (w core ) to reduce sidewall scattering, increasing the cladding width (w clad ) and decreasing the duty cycle of the SWG to avoid lateral leakage to the silicon slab. Mechanical stability is achieved with a narrow (i.e., lighter) waveguide core, and a narrow cladding region with a larger duty cycle. Finally, the holes in the SWG should be as large as possible to facilitate the HF acid flow.
For the wavelength range of 3.7-3.8 μm and based on t Si = 500 nm SOI with t BOX = 3 μm, near optimum waveguide dimensions have been found to be w core = 1.3 μm, w clad = 2.5 μm, subwavelength grating period = 550 nm, and a duty cycle f ∼ 20% [90] . Based on these dimensions, S-and 90 • -bends, multimode interference couplers and Mach-Zehnder interferometers were reported. The demonstrated waveguide propagation loss was as low as 0.8 dB/cm, while S-bend and 90 • -bend losses were negligible, whilst Mach-Zehnder interferometers had 15-dB extinction ratio and MMI insertion loss was 0.5 dB. These results pave the way for the realization of a suspended Si platform for longer wavelengths. A suspended silicon waveguides operating at a wavelength of 7.67 μm with a propagation loss of 3.1 ± 0.3 dB/cm has been recently reported [91] .
Following this design strategy, Zhou et al. demonstrated millimeter-scale-long Si slot suspended waveguides at a wavelength of 2.25 μm [92] . The Si thickness was t si = 340 nm, waveguide width w core = 780 nm, and slot width 85 nm. The authors used the same period of the SWGs and the width of silicon supports as in [90] , with measured propagation loss of 7.9 dB/cm. A fully suspended MIR racetrack resonator with SWG cladding that exhibits loaded Q factors up to 16 440 at λ ∼ 2.4 μm was recently presented in [93] .
Due to its high material loss at longer wavelengths, silicon cannot be used in the so-called fingerprint region (8 μm < λ < 14 μm). On the other hand, germanium is transparent in this region. An interesting solution is to start with germanium-on-insulator (GOI) platform and suspend Ge. This way, a wideband mid-IR platform (2 μm < λ < 14 μm) can be realized. Kang et al. reported a focusing SWG coupler [ Fig. 10(a) ] with a coupling efficiency of −11 dB and a 1 dB bandwidth of 58 nm for coupling TM polarized light into a suspended Ge rib waveguide [ Fig. 10(b) and (c)] at a wavelength of 2.37 μm [71] . The GOI was fabricated by wafer bonding using Al 2 O 3 layer.
G. Other Applications
Several other examples for the application of subwavelength structures in silicon waveguides have been described in the literature over the past few years. Xiao and Xu demonstrated a subwavelength multi-mode converter for coupling light from a strip to a slot waveguide [94] . In this structure the use of the subwavelength grating reduces the device footprint by a factor of two compared to a conventional coupler based on the same principle and leads to a wide operating bandwidth, two advantageous effects that have also been exploited in SWG MMI couplers [14] . A compact optical true time delay line with an array of SWG waveguides of equal length but varying duty cycles has been demonstrated in [95] , employing a concept that has previously been used to avoid waveguide bends and minimize device footprint of an on-chip Fourier-transform spectrometer [96] . The reduced interaction of the waveguide mode with the silicon core (see Section II-B) also decreases nonlinearities: in [97] slotted SWG waveguides are shown to exhibit an ultra-low nonlinearity of 3.2W −1 m −1 , making it possible to transmit signals with higher power through SWG waveguides. In [98] the signal transmitted through a SWG waveguide could be increased by 8 dB compared to a wire waveguide, allowing the transmission of a 75-channel wavelengthdivision multiplexed (WDM) signal with a data rate of 2.86 Tb/s through a 2-mm-long SWG waveguide. On the other hand, mode delocalization in SWG waveguides makes it difficult to design tight waveguide bends with low radiation losses. In particular, micro-ring resonators made from SWG waveguides are attractive devices for studying light matter interactions but suffer from large bend losses when miniaturized. An innovative solution to this problem has been found by Wang et al. [79] , who demonstrate increases of the ring resonator Q-factor from 2800 to 11 500 and from 15 000 to 45 000 for bend radii of 5 μm and 10 μm, respectively, by employing trapezoidal SWG elements for the curved waveguides instead of the conventionally used rectangular ones, as shown in Fig. 11 .
These trapezoidal SWG elements here implement a simple type of transformation optics, but without requiring grey scale lithography [99] . Another interesting use of an SWG structure as a thermally conductive lateral waveguide cladding is described by Zhang and He [100] .
Here, a high-Q silicon nanobeam cavity is thermally tuned by connecting it laterally to a heated silicon slab area via an SWG nanotentacle structure which provides efficient heat transfer and low optical losses. This structure is shown to be more thermally efficient than the conventional heater-on-cladding configuration and can also be used in situations where no upper cladding can be deposited on the waveguide, such as in sensing applications. The use of SWG waveguides for dispersion engineering is numerically investigated in two papers by Jafaria and Zarifkar [101] , [102] . In their study they show a single-etch sidewall SWG waveguide design with a flat dispersion profile over a 1615-nm wavelength range. Flexible and broadband control of SWG waveguide dispersion profiles which include large normal to low anomalous operation regimes is numerically demonstrated by Benedikovic et al. [103] . Finally, compact and broadband mode (de) multiplexers based on SWG waveguides have been recently proposed in [104] and [105] .
IV. C O N C L U S I O N
Subwavelength grating metamaterials waveguide structures have become a key enabler for high performance silicon photonic devices. Leveraging the available ∼100-nm lithographic resolution, they open up the possibility to locally engineer refractive index, dispersion and anisotropy, providing the device designer with new degrees of freedom. As we have shown throughout this review, this has resulted in many high performance devices, ranging from ultra-broadband couplers, high Q-factor filters and efficient fiber-chip couplers, to devices for polarization management, sensing and the mid-infrared applications, among others. Research on integrated subwavelength structures continues at an accelerating pace, with a vast design space remaining to be explored, for example in dispersion and anisotropy engineering. On the other hand, the minimum feature sizes are well within the reach of modern immersion lithography processes, therefore enabling mass fabrication of subwavelength engineered devices and paving the way for their commercial exploitations.
